Simple Summary: In many parts of the world, the human population does not consume sufficient quantities of omega-3 fatty acids. Humans can potentially reduce the risk or severity of a variety of illnesses by simply increasing their dietary intake of omega-3 fatty acids, with eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) being particularly beneficial. Fish are a rich source of these important fatty acids, but many individuals do not consume fish and so the enrichment of more commonly consumed foods has been explored as a method to increase the consumption of omega-3 fatty acids. The fatty acid content of chicken meat reflects the fatty acid composition of their diet and so poultry meat can be easily enriched by introducing omega-3 rich ingredients into poultry diets. In this study we fed broilers diets supplemented with a DHA-rich protist, Aurantiochytrium limacinum for their whole life (42 days) or for the final 21-day fattening period to investigate which strategy represented a more efficient use of the DHA-rich ingredient. As similar levels of enrichment were found from both feeding durations tested, the study indicates that feeding for the 21-day fattening period is the more efficientperiod of dietary inclusion for Aurantiochytrium limacinum.
Introduction
Increasing consumer awareness of the health benefits associated with the consumption of omega-3 polyunsaturated fatty acids (n-3 PUFA) has resulted in a greater demand for n-3 PUFA rich produce [1] . As a result, the industry has been developing strategies to increase the n-3 PUFA content of commonly consumed foods [2] . By feeding chickens diets rich in n-3 PUFA, the fatty acid content of chicken meat can be altered to contain much higher quantities of n-3 PUFA, which can lead to health benefits for the consumer without making significant changes to their diet [2] . There are a variety of n-3 PUFA rich ingredients that have been used to supplement poultry diets in order to increase the n-3 PUFA content of their meet and eggs. Linseed, in various forms, can be a good source of alpha-linoleic acid (ALA) and can significantly increase tissue n-3 FA content [3] . However, some antinutritional features of linseed limit its inclusion in poultry diets [3] . In addition, most of the health benefits associated with omega-3 fatty acids have been attributed to increasing the intake of eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) [4] . While the human body can convert ALA to EPA and DHA, this process is inefficient and as such, the direct consumption of at least 250 mg of EPA+DHA per day is recommended [5] . Fish are a rich source of EPA + DHA but are only consumed regularly by small proportions of the population [6] . For those who do not consume fish, chicken has been found to contribute up to 28% of the dietary intake of EPA+DHA in the UK [7] and 24% of EPA + Docosapentaenoic acid (DPA)+DHA intake in Australia [8] , despite the fact that chicken is not a naturally rich source of n-3 PUFA [9] .
Fish meal and oil can also be used as a feed ingredient for poultry [10] , but while this does increase the EPA + DHA content of the meat, it can also lead to a deterioration in consumer acceptability [11, 12] . In addition, using fish meal/oil to supplement animal diets is not considered sustainable and could not supply the n-3 PUFA requirements of the world's growing population [13] .
Schizochytrium spp. and Aurantiochytrium limacinum are both members of the Thraustochytrid family of heterotrophic protists, commonly classified as microalgae, but with fungus-like characteristics. The Thraustochytrids are primary producers of n-3 PUFA in the marine food chain and can be grown in a sustainable manner on a large scale using heterotrophic fermentation. Various authors have used Schizochytrium as a dietary supplement for broilers, and have detected increased tissue n-3 PUFA concentrations without any major impact on the organoleptic properties of the meat or on broiler productivity [14, 15] . A. limacinum (AURA) is a closely related species that can be provided as a dietary supplement and has been shown to increase the DHA concentrations of cows milk, pork, chicken meat and eggs [16] [17] [18] [19] [20] [21] .
Previous work indicated that AURA is well tolerated by broilers with no negative impact on broiler health or productivity observed when broiler diets were supplemented at a level of 5% for their whole life [16] . Significant increases of tissue DHA concentrations were also observed when feeding broilers for the final 21-day fattening period only [17] . When comparing these similar studies, the results suggested that feeding for the entire life of the broiler may represent a more cost efficient use of dietary AURA, reaching higher levels of enrichment potentially due to the accumulation of DHA in the tissues over the whole life of the bird [17] . These comparisons were drawn from studies of similar design, carried out in the same facility, but at different times. As the studies did not occur concurrently, differences between the levels of enrichment could be attributed to factors other than the duration of supplementation. Therefore, in the current study we aimed to investigate the most cost-effective duration of supplementation by comparing the levels of enrichment achieved when birds were provided with supplementary AURA for their whole lives or for the final 21-day fattening period only.
Materials and Methods
The research protocol and animal care were conducted in accordance with European Union Directive 2010/63/EU covering the protection of animals used for experimental or other scientific purposes, and according to the recommendation of the Commission of 2007/526/CE covering the accommodation and care of animals used for experimental and other scientific purposes. The live animal portion of the study was carried out at the CERZOO research center which is authorized by the Italian Ministry of Health to employ animals for experimental or other scientific purposes. The study was conducted to investigate the effect of supplementing broiler diets with A. limacinum (AURA; ALL-G-RICH ® ; CCAP 4087/2; Alltech Inc., Nicholasville, KY, USA) over their whole life (WL; Day 0-42) or for the 21-day fattening period only (FP; Day 21-42) on production parameters and the fatty acid content of breast, thigh, liver, kidney and skin samples. The analytical composition of AURA was determined prior to the start of the study using the following methods: crude protein (AOAC 990.03), crude fat (AOAC 954.02), fatty acid composition (AOAC 996.06, with matrix validation [22] ), moisture (AOAC 930.15) and ash (AOAC 942.05).
The study was carried out using male Ross 308 broilers housed in 1.4 × 1.6 m pens. Food and water were provided ad libitum using one feeder per pen and using an internal water system network. The study site was equipped with a dynamic ventilation system. Heating was provided from positive water aerotherms and positive pressure ventilation was achieved by single, variable-speed fans linked to temperature sensors. The temperature program was recommended by the breeder [23] and was automatically controlled and programmed to gradually reduce the temperature as follows: 25-30 • C (D1); 22-27 • C (D1-D7); 19-25 • C (D7-D14); and 18-25 • C (D14-D42). The higher temperature at the beginning of the study was guaranteed by specific 150-watt lamps mounted in each pen. The relative humidity ranged from 60-80% (D1-D7) and 40-80% (D7-D42). The lighting program was 18 hours light, and 6 hours dark.
Day-old chicks (n = 350) were randomly distributed among 35 pens (10 birds per pen) with each pen randomly assigned to one of the five following treatments: 0% AURA day 0-42 (Control); 0.5% AURA from day 0-42 (0.5%WL); 1% AURA from day 0-42 (1%WL); 0.5% AURA from day 21-42 (0.5%FP); 1% AURA from day 21-42 (1%FP). The ingredients of the diets are shown in Table 1 and were designed to meet the nutrient levels recommended for Ross 308 broilers [24] . The experimental diets were produced at the CERZOO feed mill and provided as a crumble from day 0-10, or as pellets from day 10- [25] . In brief, the fatty acids in each sample were trans-esterified in situ with 1.5 N HCl in methanol, in the presence of toluene. The toluene contained methyl tricosanoate which acted as the internal standard. The resultant fatty acid methyl esters (FAMEs) and toluene were then extracted. The FAMEs were then separated, identified, and quantified by gas chromatography equipped with a flame ionization detector (GC-FID).
The mg of FAME per 100 g of sample was then calculated using the following formula: FAME, mg FA/100 g wet sample = A X × CF X × W IS × 100
where A X = area counts for the FA; A IS = area counts for internal standard (C23:0); CF X = instrumental response factor for FA (EPA = 0.98, DHA = 0.99, GLA = 0.98); W IS = weight of IS added to sample in mg; WS = weight of sample in mg; 1.04 = conversion factor from methyl ester to fatty acid. The AURA used in the study contained 71.7 g of crude fat/100 g biomass and 16.0 g DHA/100 g biomass with a significant amount of palmitic acid (34.0 g/100 g biomass). Additionally, the AURA contained 13% crude protein, 2.63% ash and 1.97% moisture. The analytical composition of the experimental diets is shown in Table 2 , while the fatty acid composition of the diets is shown in Table 3 . Daily bird health, mortality and culling records were maintained. Pen live weight on days 0, 21 and 42 were recorded in addition to the feed intake and feed refusals. One bird per replicate was killed (according to annex I of the Reg. CE n. 1099/2009 of the council of the 24/09/2009 concerning the protection of animals during slaughter) on day 43 and both kidneys, the whole liver, breast, thigh and skin with adhering fat samples were taken post-mortem. The left breast and thigh were used for the determination of dry matter (UNI ISO 1442), crude fat (AOAC 991.36), protein (UNI ISO 937) and ash (AOAC 991.36). The fatty acid content of both kidneys, the liver and the right (skinless) breast, (skinless) thigh and skin with adhering fat were quantified using the method recently validated for chicken tissues [26] . FAME calculations were as described above for chicken feed. Differences between the treatment groups were determined using the general linear model procedure of Minitab (Minitab, v18, State College, PA, USA) with Tukey's post hoc analysis used to determine the differences between the treatment groups. Regression analysis was used to determine whether the estimated DHA intake per bird could predict the DHA content of breast and thigh meat. DHA intake per bird was calculated by dividing the intake per pen by the number of birds present and then multiplying by the DHA content detected for each experimental diet.
Results

Bird Health and Performance
Mortality was below 5% for each treatment group with an overall mortality of 3.14% observed. The performance of the birds in terms of their weight, weight gain, feed intake and feed conversion ratio (FCR) are summarised in Table 4 . There was no significant difference between the groups in terms of weight at the beginning of the study. The 1%WL and 0.5%WL groups differed significantly in terms of weight by day 21 and in terms of their average daily gain during the first period (D 0-21) with the latter gaining significantly more weight. By day 42, the 1%WL group differed significantly to the control in terms of weight and average daily gain, with lower values again observed for the 1%WL group. Average daily feed intake differed between the 1%FP group and the 0.5%WL groups between day 0 and 21 and between the control and 1%WL groups between day 21 and 42, and overall. Thigh weight differed significantly between the control and 1%WL group with the latter weighing significantly less than the control at the end of the trial. 
Meat Fatty Acid Content
The effects of supplementation with AURA on the concentration of selected fatty acids (i.e., those fatty acids that differed significantly between treatments or were of interest overall) in chicken breast, thigh, kidney, liver or skin with adhering fat are shown in Table 5 . The full fatty acid profile determined for each tissue/organ is provided in Supplementary Table S1 . The highest DHA concentrations were detected in the liver followed by the skin with adhering fat, thigh and kidney, with the breast meat having the lowest DHA content of all the sampled tissues. In all cases, the DHA content of the tissues/organs of supplemented birds were significantly higher than the unsupplemented control group. For breast and thigh samples both 1% groups had significantly more DHA than all other treatments with similar levels of enrichment observed for the 1%WL and 1%FP groups. The groups supplemented with 0.5% AURA were enriched to a similar degree with no difference observed between the 0.5%WL and 0.5%FP treatments. In the liver, both 1% treatments were again the most enriched with the duration of supplementation not effecting the level of enrichment. In the kidney, the 1%WL and both FP treatments were enriched to a similar degree, with the 0.5%WL group having significantly less DHA than the 1%WL group. In the skin the 1%WL treatment had significantly more DHA than each of the other treatments, with all remaining supplemented groups enriched to a similar degree. A quadratic relationship between DHA intake and tissue/organ DHA content was observed for the thigh, kidney and liver samples, while a linear relationship was observed for breast and skin samples (Figure 1 ). The efficiency of DHA transfer from the feed to the breast and thigh was estimated and indicated that feeding for the final 21 days resulted in a more efficient transfer of DHA from the feed to the tissues for both breast and thigh (Figure 2 ). The concentration of DPA did not differ significantly between any of the treatment groups for any of the tissues/organs sampled. The highest levels of EPA enrichment were observed in the skin with adhering fat, followed by the kidney, liver, thigh and breast. For each tissue/organ sampled the highest EPA concentration was detected in the 1%WL group, with this group having more EPA than the control group in each case. The 1%FP group also had significantly more EPA than the control group in each case with the exception of the breast tissue samples. The 1%FP group was enriched to a similar degree as the 1%WL group in each tissue with the exception of the skin, in which the 1%WL group had significantly more EPA (Table 5 ). These differences contributed to significant differences between the groups in terms of their total n-3 PUFA concentration, with groups receiving the 1% AURA treatments generally enriched to a greater degree. For each tissue the C22:4n-6 concentration detected in the supplemented groups was generally significantly lower than the control, however, the same trend was not observed for the total n-6 concentrations, which did not differ between the treatment and control groups. The n-6/n-3 ratio for both 1% treatments were significantly lower than the control group in every tissue/organ sample. Both 0.5% AURA treatments also had significantly lower n-6/n-3 ratios in every tissue/organ samples with the exception of the skin. 
Discussion
In our previous studies, the addition of AURA was found to have no effect on any of the broiler productivity parameters measured [16, 17] . In contrast, the 1%WL group in the current study was found to have a lower average weight than the control group by day 42, likely due to a significantly lower average daily feed intake between day 21 and 42. For the whole 42 day period, feed intake did not differ between the groups with no differences in feed conversion ratio, European Production Efficiency Factor, dressing % or breast weight observed. In our previous study, investigating supplementation at up to 5% of the diet, no differences in productivity were observed between the groups [16] which may suggest that the differences observed in the current study were not as a result of the inclusion of AURA. Some other n-3 PUFA rich ingredients have been shown to negatively impact broiler productivity, with the anti-nutritional properties of linseed limiting its inclusion in broiler diets [3] . In contrast, some authors have shown improvements in weight gain, feed intake and FCR when providing omega-3 rich Schizochytrium [10, 27] or AURA [28] . The effects on the 1%WL group could be considered minor and considering there was no differences between the two groups supplemented for the fattening period only, supplementation with AURA is unlikely to reduce the productivity of broilers in practice.
It has previously been demonstrated that supplementing the diets of broilers with AURA is an effective method that can increase the concentration of DHA in broiler tissues [16, 17] . When comparing the results of our previous studies, feeding 0.5% AURA for 42 days resulted in a similar level of tissue enrichment as feeding 1% AURA for 21 days [16, 17] . Interestingly, the cost of supplementation (with an approximate AURA cost of €7 per kg) for 42 days at a level of 0.5% of the diet (€0.18 per bird) was lower than the cost of providing AURA at a level of 1% of the diet for 21 days (€0.26 per bird). These studies were carried out in the same research facility, over a two-year period using similar diets, however, differences in the level of enrichment observed between the studies could have been caused by factors other than the duration of feeding. As such, it was important to test the effect of AURA feeding duration on tissue DHA enrichment in a single experiment. Here we found that feeding a lower amount of AURA over a longer period did not lead to similar levels of enrichment as feeding higher levels over a shorter period. Furthermore, we found no effect of duration of feeding (i.e., 21 or 42 days) on the level of enrichment observed at each dose. The cost of supplementing the birds for 21 days at 1% of the diet in the current study would be an estimated €0.23 per bird. Feeding at a rate of 0.5% for the whole life of the bird would be less expensive (€0.16 per bird), but the degree of enrichment achieved remained significantly below that of birds supplemented at a rate of 1% for a shorter duration. Feeding for the final 21-day fattening period only is further supported by the significantly higher transfer efficiencies observed for the FP treatments when compared to the WL treatments. These results indicate that the most efficient feeding strategy is to feed for the final 21-day fattening period only.
The level of enrichment observed in the breast samples of birds supplemented with AURA at a rate of 0.5% fell within the range of values reported from our previous studies (23-35 mg DHA/100 g breast) when broilers were supplemented at the same rate. The DHA content of the thigh samples from the current study (47 and 54 mg DHA/100 g thigh following 21 and 42 days, respectively) exceeded the range of 24-43 mg DHA/100 g thigh reported from our previous studies. A similar trend was observed for the 1% AURA treatments, with the DHA concentration of breast samples from the current study (50 and 55 mg DHA/100 g breast following 21 or 42 days, respectively) and those from the thigh samples (80 and 86 mg/100 g thigh after 21 or 42 days respectively) exceeding the range reported from the breast (36-48 mg DHA/100 g breast) and thigh (42-50 mg DHA/100 g thigh) from our previous trials [16, 17] . The fat content of the tissues in the current study was generally higher than those of the tissues from previous studies, increasing their capacity for DHA enrichment. However, the degree of fat deposition has been shown to be unaffected by increasing levels of n-3 PUFA with other nutritional and genetic factors likely responsible for the differences observed [29] , between the overall levels of fat detected in the different studies.
Zuidhof et al. [30] investigated the effect of the duration of dietary supplementation of broilers using ground full-fat flaxseed as a source of n-3 PUFA and found that feeding for 24.1 days was the most cost effective duration that achieved an adequate level of tissue enrichment. Kanakari et al. [31] also used flaxseed to supplement broiler diets and showed that feeding for 2-4 weeks prior to slaughter would be sufficient for broilers to accumulate the same amount of n-3 LCPUFA as being fed for six weeks, which is similar to the findings of the current study. When supplementing the diets of broilers with fish oil accompanied by either flaxseed, lard or rapeseed, Konieczka et al., [32] found that feeding for a duration of three weeks before slaughter resulted in significantly higher EPA + DHA concentrations than feeding for one or two weeks only. Our previous work in laying hens indicated that supplementation at a level of 1% of the diet increased the DHA content of eggs for the first 24 days, with no significant increase in the concentration of egg DHA after that point [18] . Overall, these results, using a variety of different n-3 PUFA sources, indicate that feeding for periods longer than 2-4 weeks is not a cost-effective use of the supplemental ingredient.
For a food to be labelled "a source of omega-3" in the European Union (EU) it must contain at least 40 mg EPA+DHA/100 g, while to be labelled "high in omega-3" it must contain 80 mg EPA + DHA/100 g [33] . For the breast meat, both the 0.5%WL and the 0.5%FP groups fell just short of this target with 35 and 33 mg EPA + DHA/100g detected respectively. The thigh samples however, did meet these criteria with 59 mg and 51 mg EPA + DHA/100 g detected in the 0.5%WL and 0.5%FP groups respectively. The breast samples of the 1%WL and 1%FP groups met the criteria to be considered a source of omega-3, with 60 and 54 mg EPA+DHA/100 g detected respectively, while the thigh samples could be considered high in omega-3 with 94 and 87 mg EPA+DHA/100 g detected respectively. Based on these results, the broilers would need to be supplemented at a rate of 1% of the diet so that both the breast and thigh meat could be labelled as "a source of omega-3" in the EU.
No EPA was detected in any of the diets provided, but despite this, an increased inclusion of AURA generally led to increased tissue concentrations of EPA. Similar results have been obtained in our previous trials [16, 17] , with the increase likely due to the retro-conversion of DHA to EPA [34] . In contrast, no differences were observed between the treatments in terms of the tissue n-3 DPA concentration. This is in keeping with the results of our previous study, when supplementing broilers with 0, 0.25, 0.5 and 1 % AURA, resulted in no differences in n-3 DPA concentrations between treatments in breast tissue samples, while in the thigh samples, the 0.5% treatment had significantly less n-3 DPA than the control group with no differences observed between the other groups [17] . Small but significant increases in breast n-3 DPA were observed when birds were supplemented with AURA at a rate of 2.5% and 5% of the diet with 10.19 and 10.52 mg n-3 DPA/100 g detected respectively, while at 0 and 0.5% of the diet 9.02 and 9.02 mg n-3 DPA/100 g were detected respectively. It does not appear that this increase in tissue n-3 DPA is due to some form of retro-conversion from DHA. It could more likely be a result of the elongation of EPA, which was present in higher concentrations in the 2.5 and 5% treatments. The elongation of EPA to n-3 DPA is more efficient than the elongation of EPA to DHA [35] . In humans, supplementary DHA from an algal source (containing no EPA) was found to significantly increase blood EPA concentrations while reducing the concentration of n-3 DPA indicating that DHA supplementation could negatively influence the concentration of n-3 DPA, possibly as result of competition at the level of fatty acid esterification [36] . These findings indicate that supplementary DHA-rich AURA, when provided at a level of 0.5-1% of the diet can also increase the tissue concentrations of the beneficial fatty acid EPA, despite it being absent from the experimental diets.
The significant increases in both EPA and DHA contributed to the higher total n-3 PUFA concentrations detected in many of the tissue/organ samples. The concentration of C20:4n6 was significantly lower in most of the tissue/organ samples from supplemented birds, however, this did not translate into lower total n-6 PUFA concentrations in any of the tissues/organs. Importantly, supplementation led to lower n-6/n-3 ratios, in every treatment and in every tissue/organ with the exception of the WL skin with adhering fat treatments. Reductions in a person's overall n-6/n-3 ratio have been shown to improve the health outcomes of patients suffering from a variety of illnesses, including cardio-vascular diseases and some forms of cancer, with the effective ratio based on the type of illness in question [37] . Consuming this AURA enriched broiler meat could help to reduce the overall n-6/n-3 ratio of a person's diet.
No attempt was made to assess the effect of supplementation on the consumer acceptability of the meat of supplemented birds. However, supplementing broiler diets with marine protists at a level of 2.8% of the diet was previously found to have no impact on consumer acceptability [14] . As the inclusion rates observed in this trial were below this, it is unlikely that the consumer acceptability would be affected. However, it would be beneficial to determine the consumer acceptability of these enriched meats when fresh and following a period of storage. Recent work investigating the frozen storage stability of DHA found significant reductions in the tissue DHA content after a period of 12 or 24 weeks [26] . Chicken meat for human consumption is unlikely to be stored for this extended period of time and over this duration the DHA concentration of breast meat decreased by 35%, 35%, 29.4% and 27.8% in broilers supplemented with AURA at a rate of 0%, 0.5%, 1.5% and 2.5% of the diet. As such, it would be beneficial to establish the effects of storage on the stability of DHA and the consumer acceptability of the AURA enriched broiler meat over a shorter time period.
Conclusions
These results indicate that providing AURA as a dietary supplement for broilers for the final 21-day fattening period can improve the nutritional quality of broiler meat by significantly increasing the DHA and EPA concentrations of tissues and organs, as well as lowering the n-6/n-3 ratio without significantly impacting productivity.
Supplementary Materials: The following are available online at http://www.mdpi.com/2076-2615/9/6/327/s1. Table S1 : The full fatty acid profile of breast, thigh, liver, kidney and skin (with adhering fat), taken from birds fed diets supplemented with A. limacinum at a rate of 0, 0.5 or 1% for their whole life (WL; day 0-42) or for the fattening period only (FP; day 21-42). 
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